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ELECTRICALLY OPERATED TUNING FORK 
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Tiie present invention relates to electrically operated 
tuning forks, of particular but by no means exclusive 
application in oscillating tuning forks for optical fibre 
scanning in, for example, endoscopes and microscopes. 



Electromagnets have been used to oscillate tuning forks to 
form oscillators and compact narrow bank audio filters* 
More recently these oscillators have been used in optical 
a pplications, such as with laser beam choppers and optical 
f ibr e s c aiming . 



Existing systems, however, have a number of drawbacks. For 
example, one optical oscillator includes an optical fibre 
attached to the tuning fork, to provide a simple and 
efficient integrated optical scanner. In these existing 
systems, a pair of electromagnets is used to vibrate the 
tines of the tuning fork, with the optical fibre attached 
to one of the tines. Typically the electromagnets are 
located either between the tines or disposed on opposite 
sides of the fork. However, owing to the size of the 
electromagnets, a lower limit is imposed on the overall 
size of the scanner (i.e. fork and electromagnets) and if, 
for example, an outside diameter of less than about 7 mm is 
required, such as in endoscope applications, very little 
space is left for deflection of the attached fibre. 

It is an object of the present invention to provide an 
electrically operated tuning fork by enclosing the fork 
either partially or wholly within a electromagnet. 

The present invention provides, therefore, an electrically 
operated tuning fork apparatus, comprising: 

a tuning fork having a base and a pair of tines, 
said tines and having tips remote from said base and formed 
of or including material in which a magnetic field can be 
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induced; 

a electrical coil for receiving at least a portion of 

b^ir~trin^~of~said—tuning--fork; — _ 

whereby at least one of said tines can be vibrated 
5 relative to the other of said tines by passing a varying, 

substantially uni -directional current through said coil and 
thereby inducing mutually repulsive magnetic fields in said 
tines . 

10 Preferably said varying current has a substantially square 
.wav e form, and more prefera bly of substantially 50% duty 
cycle. Preferably said material is magnetically permeable, 
a nd more preferably said material is ferromagnetic, 

15 -Thus\ although this method of vibrating the tine or tines 
may b^less efficient than the existing arrangements (in 
which tKe magnetic fields produced by current in the 
electromagnets are longitudinal) ; here they are essentially 
transverse\ resulting in mutual repulsion between the tines 

2 0 even in the^bsence of any other magnetically active 
material. Preferably the tines are vibrated at the 
resonant frequency of the tuning fork. With this 
configuration, bcrt:h winding strength and packing density of 
the coil can be maximized by eliminating the need for 

2 5 windings between tha tines. The winding is external to the 

fork and preferably extends over nearly the entire length 
of the fork, contribumng to driving force through induced 
magnetism even in the rase region where the tines are 
joined. This arrangement therefore allows the largest 

3 0 winding volume, though th\ winding strength is reduced 

owing to the larger diameter of the turns compared with the 
localised windings of the existing designs. However this 
is compensated by the large cross section available for the 
winding. At any point along ahe entire length of the fork 
3 5 the (typically coaxial) windingiof the coil contributes to 
the driving force, even the regrbn beyond the base of the 
tuning fork . \ 



Preferably said tips of the tines protrude from the coil so 
40 that said at least one of said tips can vibrate by a 
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greater amplitude than can be accommodated by said coil. 

Clearly the greater the proportion of the tines within the 
coil, the greater the efficiency of the apparatus Cxn~terms 
5 of tine deflection for a particular coil current), but it 
may be desirable to sacrifice some of the efficiency by 
allowing the tips of the tines (including a portion of the 
tines adjacent thereto) to project from the coil so that 
they can vibrate with an amplitude greater than the inside 
10 dimension of the coil. 



The coil may be coaxial with said fork, but need not be 
strictly so. Indeed, the coil need not be cylindrical. It 
could, for example, be elliptical, with a major axis of the 
15 ellipse oriented in the plane of vibration of the tines, so 
that a reduction in the total size of the apparatus can be 
achieved . 

Preferably said apparatus includes additional magnetically 

2 0 permeable material located outside said coil for providing 

a return path for the magnetic field produced by said coil, 
and attracting said tines towards said additional material 
to augment the repulsion of said tines. 

25 Preferably one of said tines is more massive than the other 
of said tines, so that said less massive of said tines is 
deflected while said more massive of said tines is 
substantially undeflected. 

3 0 Preferably said more massive of said tines is tapered to 

accommodate deflection of said less massive of said tines. 

Preferably said apparatus includes a biasing permanent 
magnet adjacent said base of said tuning fork or located 
3 5 around at least a portion of said tuning fork. 

Preferably said apparatus includes an optical fibre located 
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on said at least one of said tines* 

Pref erably— said -coil— is -a— former- less— coil* 

5 Preferably said apparatus includes a sensor to provide a 

signal indicative of the position of said at least one tine 
so that the tuning fork can be maintained at resonance. 

Preferably said sensor is a piexoelectric sensor, a fibre 
10 sensor\ystem, a hall effect sensor or a series capacitive 
sensor, 



The present invention also includes an endoscope, 
microscope or endomicroscope including an apparatus as 



] M 15 described above. 

a 



The present invention also includes a scanning head for an 
endoscope, microscope or endomicroscope including an 
apparatus as described above. 



20 



The present invention still further a method for 
electrically vibrating a tuning fork having a base and a 
pair of tines, said tines and having tips remote from said 
base and formed of or including material in which a 

2 5 magnetic field can be induced, said method comprising: 

locating at least a portion of said tines within a 
electrical coil; and 

passing a varying, substantially uni-directional 
current through said coil to induce mutually repulsive 

3 0 magnetic fields in said tines and thereby inducing at least 

one of said tines to vibrated relative to the other of said 
tines. 

Preferably said varying current has a substantially square 

3 5 wave form, and more preferably of substantially 50% duty 

cycle. Preferably said material is magnetically permeable, 
and more pref rably said mat rial is ferromagnetic • 

Preferably said method includes arranging said tips to 

4 0 protrude from said coil so that said at least on of said 
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tips can vibrate by a greater amplitude than can be 
accommodated by said coil. 

Preferably said coil" is elliptTicalT wi~tET^^^jor~axis 
5 oriented in the plane of vibration of said at least one 



Preferably said method includes locating additional 
magnetically permeable material located outside said coil 
10 to provide a return path for the magnetic field produced by 
said coil/ and thereby attracting said tines towards said 
additional material to augment the repulsion of said tines. 

Preferably one of said tines is more massive than the other 
15 of said tines, so that said less massive of said tines is 
deflected while said more massive of said tines is 
substantially undeflected. 

Preferably said more massive of said tines is tapered to 
2 0 accommodate deflection of said less massive of said tines. 

Preferably the method includes varying said current so as 
to vibrate said tuning fork at the resonant frequency of 
said tuning fork. 



Preferably said method includes magnetically biasing said 
tuning fork by locating a permanent magnet adjacent said 
base of said tuning fork or located around at least a 
portion of said tuning fork. 

The present invention also includes a method of vibrating 
an optic fibre in an endoscope, a microscope or an 
endomic rose ope by means of the method described above. 



35 v In order that the present invention may be more clearly 

ascertained, preferred embodiments will now be described, 
by way of example, with reference to the accompanying 



tine . 



25 




WO 00/75712 



- 6 - 



PCT/AU00/00647 



drawings, in which: 

Figure 1 is a schematic view of an el ctrically 
operated tuning fork in accordance with a preferred 



embodiment of the present invention; 
5 Figure 2 is schematic cross -sectional view of an 

electrically operated tuning fork in accordance with a 
second preferred embodiment of the present invention; 

Figure 3 is a view of an asymmetric tuning fork 
of an electrically operated tuning fork according to a 
10 third preferred embodiment of the present invention; 
Figure 4 is a view of an electrically operated 



tuning fork according to a fourth preferred embodiment of 
the present invention; 

Figure 5 is a view of a tapered tine preferably 
15 employed in any of the preferred embodiments of the present 
invention; 

Figure 6 is a view of asymmetric tines in a 
preferred form for use with the embodiment of figure 3; 

Figure 7 is an end view of the electrically 
2 0 operated tuning fork of figure 3, with an attached optical 
fibre; 

Figure 8 is a schematic view of an electrically 
operated tuning fork according to a still further 
embodiment of the present invention, with progressively 

2 5 reduced number of windings in the coil; 

Figure 9 is a schematic view of the tuning fork 
of an electrically operated tuning fork according to a 
still further preferred embodiment of the present 
invention, incorporating a permanent magnet; 

3 0 Figure 10 is a schematic view of the tuning fork 

of an electrically operated tuning fork according to a 
still further preferred embodiment of the present 
invention, incorporating a cylindrical permanent magnet; 
and 

3 5 Figure 11A is a view of a tuning fork according 

to a preferred embodiment of the present invention; and 

Figure 11B is a view of a tuning fork according 



WO 00/75712 



- 7 - 



PCT/AUOO/00647 



to a preferr d embodiment of the present invention, similar 
to but larger than that of figure 11A. 



Jf f An electrically operated tuning fbrfc according~"to~a ~~ 
5 preferred embodiment of the present invention is shown 

schematically at 10 in figure 1, The electrically operated 
tuning fork 10 includes a tuning fork 12 with tines 14 and 
16/ and an electrical coil 18 disposed coaxially about 
tuning fork 12. The tines 14 and 16 project from coil 18 

10 by approximately 15% of their length. Thus, when an 

electrical current is applied to coil 18, the magnetic 
field produced by current in the coil is longitudinal and 
induces magnetic fields in and about tines 14 and 16 that 
are mutually repulsive, even in the absence of any other 

15 magnetically active material. The winding of the coil 18 
along almost the full length of the tines 14 and 16 means 
that the electrically operated tuning fork 10, although of 
low efficiency, can nevertheless be used to produce 
sufficiently large magnetic fields to provide the 

2 0 deflection necessary for use in optic fibre scanners, such 
as optical fibre confocal microscopes. 

An electrically operated tuning fork according to a further 
preferred embodiment of the present invention is shown 

2 5 generally at 20 in figure 2. This electrically operated 

tuning fork 20 is generally similar to that of figure 1, 
and includes tuning fork 22 with tines 24 and 26, and coil 
(shown in cross section) 28. However, this embodiment 
additionally includes a housing 30 of iron or other 

3 0 ferromagnetic material, to provide a return path for the 

magnet field generated by coil 28. Housing 30 allows two 
complete magnetic circuits to be formed containing 
essentially the full length of each tine 24 and 26 in 
series with the external magnet material of housing 30 and 
3 5 the air gap around the tips of tines 24 and 26. Current 
through th coil 28 causes an attractive force across the 
air gap between the respective tines 24 and 26 and the 
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housing 30, as well as the mutual repulsion between the 
tines 24 and 26 discussed above. 



The tuning fork of a stUl "further preferred embodiment of 
5 the present invention is shown generally at 32 in figure 3. 
The tuning fork 32 of this embodiment has asymmetric tines 
34 and 36, so that almost all the vibrational energy, 
corresponding to tine deflection, of the tuning fork 32 is 
taken up by a single tine, that is less massive tine 34. 

10 By providing a suitable mounting at the base 38 of tuning 
fork 32, it is possible to avoid the need to match the 
individual resident frequencies of the respective tines 34 
and 36. If the stiffness of the more massive tine 36 is 
increased in proportion to its mass, however, balance can 

15 still be achieved. Further, piezoelectric feedback from 
the base 38 and laser pulse ablation can be used to 
automate the balancing process. 

A further advantage of the asymmetrical configuration is 
2 0 that tine deflection can be markedly increased to the 

extent that with relatively small overhang, the tip of a 
fibre (not shown) mounted on less massive tine 34 can be 
scanned over the full available inside diameter of the coil 
(not shown) . 

25 

In a still further embodiment 40 of an electrically 
operated tuning fork according to the present invention, 
additional driving force can be obtained by including high 
permeability material 42 beyond the tips of tines 44 and 

30 46 . High permeability material 42 comprises two strips 42a 
and 42b to which the tips of tines 44 and 46 are attracted 
when the coil 48 is activated, owing to the induction of 
magnetism in the strips 42a and 42b by the fringe field of 
the coil 48 together with the magnetism of the tines 44 and 

35 46. This configuration is of use if there is insufficient 
space, owing to restrictions in the external diameter of 
coil 48, for a return magnetic circuit such as that 
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provided in the embodiment of figure 2 . Tests using 
external pole pieces, indicate that defl ction increases as 

ma gnetic material outsi de the coil is brought near a 

vibrating tine. However the increase in deflection is only" 
5 around 20 to 30% compared to a tine-only design, and the 
return magnetic path occupies valuable space. 

In use of any of the above embodiments/ to achieve 
efficient operation care must be taken to provide an 

10 appropriate draft current. In the absence of any residual 

or-Steadv_pa qnetic field/ the force on the t ine is in only 

one rejection as the force in coil, regardless of 
direction, produces mutual repulsion of the tines {or, in 
the case of the complete magnetic circuit, an additional 

15 force involving a traction across the air gap to the 

external magnetic material) . Under the circumstances a 
sinusoidal current is not preferred, especially if magnetic 
saturation is approached. With a sinusoidal current, the 
driving force peaks twice per electrical cycle and returns 

2 0 to zero for only a very short proportion of the cycle time, 
resulting in very poor efficiency. Instead, a square wave 
pulse of 50% duty cycle is used to produce an optimum drive 
force, even under conditions of magnetic saturation. This 
has the added advantage that the electrical frequency is 

2 5 equal to the mechanical vibration frequency. The preferred 

frequency of vibration of the tuning fork for most 
applications will be its resonant fork. 

Slight improvement might be expected if a small reverse 

3 0 current were applied during the off period so as to cancel 

any remnant flux, but since the force is proportional to B 2 
the benefit may not be worth the added complexity, 
particularly as coil heating was not found to be a problem 
in laboratory prototypes . 

35 

Further, in any of the above embodiments, when maximum 
frequency of operation is required for a given length of 
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tine, its is advantageous to taper the width, of the tine 
towards its tip. Although, a factor of four increase is 
possi ble in the maximum f re<juency of operation of a tine 
that sharply decreases in width at its halfway point, a 
5 uniform or linear taper is more practical and has a more 
useful deflection curve as a function of position from the 
base or built-in end of the tine. The upgrade in frequency 
can be almost doubled by this procedure. This is depicted 
schematically in figure 5 in which tine 50 (shown in 

10 profile) includes broad, stationary built-in end 52 

tapering steadily towards tip 54 . 



To obtain maximum driving force, and also to increase the 
mass of the fixed tine in those embodiments with asymmetric 

15 tines, the thickness of the fixed tine can be made to 

conform to the deflection of the vibrating, less massive 
tine at maximum deflection. Such a configuration is shown 
in figure 6, in which tuning fork 56 includes a more 
massive tine 58 and a less massive tine 60 joined at based 

2 0 62. Less massive tine 60 is shown in this figure at its 
point of maximum downwards deflection, with its point of 
maximum upwards deflection shown by means of a dashed line 
64. In use, tine 60 vibrates between these extremes as 
indicated by arrow 66. More massive tine 58 is tapered 

2 5 towards its tip 68 to accommodate the downwards deflection 

of less massive tine 60, thereby enabling massive tine 60 
to vibrate through a greater amplitude without increasing 
the overall diameter of the tuning fork. That the maximum 
thickness of the more massive tine 58 is at built-in end 70 

3 0 is also convenient for providing secure attachment of the 

vibrating, less massive tine 60. 

The use of a single tine for predominant deflection results 
in a straight -through geometry well adapted to the 
3 5 attachment of an optical fibre. Figure 7 is an end view of 
such an arranged in which electrically operated tuning fork 
72 includes tuning fork 74 with more massive tine 7 6 and 
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less massive tine 78, surrounded by coil 80. An optical 
fibre 82 (shown end on) is attached to the outside of less 

roagsiy_e,_tjne 78, In the rest position show n, the fibre 82 

is essentially straight, with easy access at the built -end 
5 (not shown) of the tuning fork 74 and line of sight through 
the interior of coil 80. Further, problems with additional 
fibre bend loss due to high fibre curvature (which can 
occur at the base of a normal tuning fork when a fibre is 
threaded around onto the inside surface of a tine) is 

10 reduced or avoided. 



Although a coil winding of a few layers is sufficient to 
provide adequate driving force in most cases, it is 
possible to take advantage of the small deflection of the 
15 tines at the built-end or base of the tuning fork and 

provide more layers of winding in that region. This is 
depicted schematically in figure 8 in which the maximum 
deflection of the tuning fork tines is represented by solid 
line 82a and the dashed line 82b, and the windings of the 
2 0 coil are shown in cross section at 84. The windings 84, 
thus, conform to the vibration curve of the tuning fork. 
Depending of tine width and the maximum deflections needed, 
the number of layers is progressively reduced towards the 
tips of the tines. In the same way, it is possible to 

2 5 employ non-circular windings to accommodate tine 

deflection. The coil, in that embodiment, has a major axis 
in the plane of vibration to the tine or tines, but a minor 
axis of smaller length as it is not required to accommodate 
any vibration. Thus, a reduction in the overall apparatus 

3 0 is achieved, which may be of advantage when used in a 

scanning endoscope, in which scanning in a direction 
orthogonal to that provided by the tuning fork is achieved 
by moving the tuning fork apparatus within a larger 
hous ing . 

35 



In some embodiments, permanent magnets may be incorporated 
in a variety of ways to improve efficiency, especially if 
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maximum miniaturisation is not required. Referring to 
figure 9, this could be achieved by locating a permanent 

magnet ^8 6 a nd the ba se 88 of the tuning fork 90, with 

magnetic 86 axial ly magnetised and installed at the base 88 
5 with the return magnetic path outside the coil (not shown) . 
Referring to figure 10, enclosing the tuning fork 92 in a 
cylindrical permanent magnet 94, cut longitudinally if 
necessary to avoid any current losses, at polarised in the 
axial direction. The tines 96, 98 or tuning fork 92 are 
10 then pulled apart slightly in the static or equilibrium 

— position,— and— this_f orce is modulated by the curren t in the 

coil (not shown) . In this case, sinusoidal current can be 
used without any frequency-doubling effect. 

15 In experiments with electrically driven tuning forks of the 
type described above, it was found that a limiting factor 
was the solder joint at the base of the tines and the tine 
balance. Consequently, two very small tuning forks were 
wire cut, the with an overall size limit of 3 mm including 

2 0 the coil, the second somewhat larger with an overall size 

limit of 4 mm. These tuning forks 100 and 102 respectively 
are shown in figures 11A and 11B. 

Tuning fork 100 was made with some difficulty from 

2 5 transformer laminations, as the force of the wire on the 

tines was causing it to deflect when it was cutting; the 
solution was to cut two forks stacked together. The larger 
tuning fork 102 was cut out of 1 mm thick mild steel; no 
comparable problems were encountered. 

30 

The performance of the forks 100 and 102 was tested; both 
resonated around 680 Hz. The 3 mm fork 100 was extremely 
small and great care had to be taken to ensure that it was 
not damaged owing to the tine size of 0.3 mm x 0.5 mm. 

3 5 Tine deflection was estimated to be around the 250 (im. 

The 4mm tuning fork 102 was easi r to handle owing to its 
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larger dimensions; the tine size was 1 mm x 0.5 mm. It had 
a much, larger deflection (estimated to be 0,5 mm), and had 
a much more positive ring to it, 

5 Former-less miniature coils were constructed to minimise 
the amount of space taken up by the coil * The method that 
is described below was developed over many prototypes and 
this method proved to produce the most consistent and 
reproducible results . 

xu ■ 1 1 - ^ ■ ' 

—initiall y twcAsteel or brass s trips of 1 mm x 0.5 mm x 35 
mm long were inserted into a heat shrink (preferably of the 
correct size so^hat it does not have to be pre-shrunk, as 
this makes it easder to remove at the end) . If the heat 
15 shrink is a littl^loose, it should be gently heated until 
the heat shrink is \irm. 



Two strips of PVC electrical tape approximately 7 mm wide x 
100 mm long were cut. The first piece of tape was wound on 

2 0 at one end of the heat shrink to form a stop so that, when 

the coil is wound, it has square ends. The second piece of 
tape is wound at the other end, the distance between the 
two pieces of tape defining the length of the coil. Care 
should be taken to ensure that the tape is square. 

25 

The wire that was used for winding the coil was 0.15 mm 
enamelled copper wire. The winding of the coil was 
commenced by secure the wire at one end with a small price 
of adhesive tape. 

30 

The best of the coils were hand wound although this takes a 
little longer it ensures that the wire is very tightly 
packed together. The hand winding was done by turning the 
former with the thumb and the index finger. When winding 

3 5 the coil tension was k pt on the wire until the coil was 

complete . 
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Coils were wound witli three layers of wire, which seemed to 
give enough turns to drive the tuning forks at resonance 
without overheating . 

5 Once the tharee layers of windings are complete, the loose 
end of the wire should be taped to the other end of the 
former. A smaJ.1 amount of 5 minute epoxy was used to glue 
the coil area afad ensure that all parts are covered. Once 
the epoxy has reached the tacky stage, the tape holding the 
10 ends of the coppea^rire were removed, and the expoy allowed 
to harden. 



Next, the two strips of metal in the middle of the coil 
were removed by using two pairs of pliers and gently 
15 bending over one side of the strip with the pliers. One 

pair of pliers was placed on the top strip and one pair on 
the pair on the bent strip, and the two strips slid against 
one another . 

2 0 A heat gun was applied to the heat shrink; it was then 
allowed to cool, and then the heat shrink was removed. 

If an electrically operated the tuning fork according to 
the present invention is integrated into an endomicroscope, 
2 5 a system may be required to maintain the fork at resonance 
and it may also be beneficial to know the position of the 
vibrating tine with the optical fibre to co-ordinate this 
with the slow scan in the other plane (i.e. orthogonal to 
that vibration of the tine(s)). 



30 




A piexoelfectric film sensor could be employed, as it has a 
thickness \f only about 0.2 mm, which could be incorporated 
onto the bottom of the tuning fork. The addition of the 
film could detune the tine that the film is attached to. 
35 Alternatively/ a fibre sensor system could be used, 

comprising twb optical fibres, one carrying the laser light 
and the otherXreturning the signal. The light from the 
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laser\s beamed onto one of the tines (preferably polished 
to increkse the light reflected) ; the amount of light 
returned ^La the second fibre varies according to the angle 

of— the tineu The f eedbac k f ibr e~ wou Id— be~ d i ree t ed~ at a 

5 pbotodiode which converts the light intensity to an 

analogue signal. 



A ball effect sensor detects changes in magnetic flux 
density, so such a sensor could be placed at the end of one 
10 of the tines to detect its movement, though possible 

interference due to the coil could make the signal very 
iioi"sy — and - the component size~is quite - large. This system 
has several advantages : it is totally non-contact and the 
sensors are relatively inexpensive . 

15 

A series capacitive sensor may be most practical method of 
both sensing the tine position, and obtaining a feedback 
signal for the drive circuit. A high frequency signal is 
applied to the tuning fork assembly which is insulated from 
2 0 all other parts* As the tine moves the pick-up signal is 
amplitude modulated, and the detected signal amplified to 
provide the drive current to the coil. with the correct 
phase shift and sufficient gain resonant oscillation is 
obtained. Integrated circuits designed fro LUDT (Linear 

2 5 Variable Differential Transformers) can be used in this 

application. 

Further modifications within the spirit and scope of the 
invention may readily be effected by person skilled in the 

3 0 art. It is to be understood, therefore, that this invention 

is not limited to the particular embodiments described by 
way of example hereinabove . 



